Abstract: A ladder-type organosilicate copolymer based on trimethoxymethylsilane (MTMS) and 1,2-bis(triethoxysilyl)alkane (BTESn: n = 2-4) were synthesized for use as gate dielectrics in organic thin-film transistors (OTFTs). For the BTESn, the number of carbon chains (2-4) was varied to elucidate the relationship between the chemical structure of the monomer and the resulting dielectric properties. The developed copolymer films require a low curing temperature (≈150 • C) and exhibit good insulating properties (leakage current density of ≈10 −8 -10 −7 A·cm −2 at 1 MV·cm −1 ). Copolymer films were employed as dielectric materials for use in top-contact/bottom-gate organic thin-film transistors and the resulting devices exhibited decent electrical performance for both p-and n-channel organic semiconductors with mobility as high as 0.15 cm 2 ·V −1 ·s −1 and an I on /I off of >10 5 . Furthermore, dielectric films were used for the fabrication of TFTs on flexible substrates.
Introduction
Organic thin-film transistors (OTFTs) have been an important research subject because they are indispensable elements in the development of low-cost, large-area electronics, such as paper-based displays, smart cards, radio-frequency ID tags, and sensors [1] [2] [3] [4] [5] [6] [7] [8] . Among the fundamental components of OTFTs, namely the semiconductor, dielectric, and conductor, studies on the development and application of organic semiconducting materials have intensively been performed for the last few decades [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Development of new dielectric materials for OTFTs, which perform as capacitors, insulators, and substrates, is also important to realize various electronic applications based on OTFTs. Favorable dielectric characteristics of OTFT-based electronic devices include ease of preparation, low cost, large area processibility, as well as excellent insulating properties [19] [20] [21] [22] [23] .
Inorganic materials, such as SiO 2 , Al 2 O 3 , and TiO 2 , have traditionally been employed as dielectrics for OTFTs due to their excellent insulating properties. However, inorganic dielectric materials require a high-temperature/high-cost vacuum process for their preparation [24, 25] . On the other hand, organic dielectric materials, such as polymers, can readily be processed from solution at a relatively low temperature over a large area, while their insulating properties are inferior to those of inorganic counterparts [26] [27] [28] . Furthermore, some organic-based dielectrics can be readily processed at low temperature, which can be employed on flexible substrates, such as polyethylene terephthalate (PET) and polyethylene naphthalate (PEN) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] .
To this end, many studies on the development and application of new dielectric materials with low leakage current, high dielectric constant, and facile process have been reported [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . Among them, organic-inorganic hybrid dielectrics might synergistically combine the advantages of both materials, i.e., the excellent mechanical and electrical properties of inorganics and the flexibility and large area solution processibility of organics [41] [42] [43] [44] . One of the representative examples is organosilicate materials, a type of silica containing organic groups. A few studies employing dielectric materials containing organosilicates have been reported for the fabrication of OTFTs [45] [46] [47] [48] .
For instance, Kang et al. reported silsesquioxane copolymer gate dielectrics based on methacryloxy propyltrimethoxysilane and phenyltrimethoxysilane for use in OTFTs. The reported dielectric films formed at a curing temperature of 200 • C exhibited a leakage current density as low as 6 × 10 −9 A·cm −2 at 1 MV·cm −1 [45] . Similarly, Kim et al. reported dielectric materials based on a silsesquioxane derivative containing cage-structured epoxy groups, and the resulting films showed a leakage current density of ≈10 −8 A·cm −2 at 1 MV·cm −1 [46] . Lee et al. reported hybrid copolymer gate dielectrics based on methyltrimethoxysilane and 1,2-bis(trimethoxysilyl)ethane for use in OTFTs, with a leakage current density of 2.9 × 10 −6 A·cm −2 at 0.5 MV·cm −1 [47] . Similarly, Hamada et al. reported on a polymethylsilsesquioxane (PMSQ) dielectric prepared by a sol-gel method from methyltrimethoxysilane. While the dielectric characteristic (leakage current density) was not reported in this study, the OTFTs based on the PMSQ dielectric showed very poor electrical performance with a mobility of ≈ 0.006 cm 2 ·V −1 ·s −1 [48] .
In this study, we report a ladder-type copolymer based on trimethoxymethylsilane (MTMS) and 1,2-bis(triethoxysilyl)alkane (BTESn) as dielectric materials. Previously reported organosilicate copolymer dielectric films based on similar monomers exhibited high leakage current density, resulting in relatively poor device characteristic for poly(3-hexylthiophene) (P3HT), possibly due to the unoptimized processing conditions [47] . Hence, we have optimized the synthesis and processing condition of copolymers by varying the monomer ratio, solvent, and employing different types of monomers. The copolymers were synthesized by a simple sol-gel reaction of two types of monomers, and curing was performed at a relatively low annealing temperature of 150 • C. The resulting films exhibited a leakage current density of 10 −8 -10 −7 A·cm −2 at 1 MV·cm −1 at a thickness of ≈100 nm. Furthermore, the correlation between the dielectric properties of the copolymers and types of monomers was investigated by varying carbon chain lengths in BTESn. The OTFTs employing copolymer dielectrics were fabricated, and the resulting devices were active for both p-and n-channel organic semiconductors with carrier mobility as high as 0.15 cm 2 V −1 ·s −1 and a current on/off ratio of ≈10 5 ( Figure 1 ). Furthermore, we have employed the developed copolymer dielectric films on flexible substrate to fabricate flexible TFTs. 
Materials and Methods

The semiconductors pentacene (P5) and N,N -Dioctyl-3,4,9,10-perylenedicarboximide (PTCDI-C13) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Trimethoxymethylsilane (MTMS) and 1,2-bis(triethoxysilyl) ethane (BTES2), 1,2-bis(triethoxysilyl) propane (BTES3), 1,2-bis(triethoxysilyl) butane (BTES4) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
All materials were used without further purification. PEN substrates (Film Type Teonex Q65H, DuPont Teijin Films, Chester, VA, USA) were used as received without solvent cleaning. Structures of the MTMS-BTESn were studied by 1 H NMR spectroscopy (Varian UNITY-INOVA 500 MHz NMR spectrometer using Acetone-d 6 as a solvent, Palo Alto, CA, USA) and Fourier transform infrared spectroscopy (FT-IR, Thermo Scientific Nicolet iS50R FTIR Spectrometer, Thermo Fisher Scientific, Waltham, MA, USA). Thermogravimetric analyses (TGA, TA Instrument Q50-1555, New Castle, DE, USA) were performed on each sample in a platinum crucible from 40 to 800 • C at a heating rate of 10 • C min −1 under an N 2 atmosphere.
Synthesis
Synthesis of MTMS-BTES2
Trimethoxymethylsilane (5.11 g, 37.5 mmol) and 1,2-bis (triethoxysilyl) ethane (4.43 g, 12.5 mmol) were added to anhydrous tetrahydrofuran (25 mL) and stirred at room temperature for 30 min. To this solution was added a 2N aqueous hydrochloric acid solution (0.75 mL) and distilled water (8.32 mL), and the mixture was stirred at 40 • C for 6 h under a nitrogen atmosphere to perform a sol-gel reaction. The reaction mixture was cooled to room temperature, and the organosilicate precursor synthesized from the solution was extracted with diethyl ether (50 mL). The extracted precursor solution was washed twice with distilled water, and then dried under vacuum at room temperature for 1 h to remove the solvent to obtain a white powdery solid. The solids were again dissolved in acetone (200 mL) to afford the gelation of the organosilicate, and undissolved particles were removed by filtration. The solution was dried under vacuum at room temperature for 12 h using a rotary evaporator to remove residual solvent, and a white solid (3.97 g, 41.61%) was obtained again. 
Synthesis of MTMS-BTES3
Trimethoxymethylsilane (5.11 g, 37.5 mmol) and 1,2-bis (triethoxysilyl) propane (4.61 g, 12.5 mmol) were added to anhydrous tetrahydrofuran (25 mL) and stirred at room temperature for 30 min. To this solution was added a 2N aqueous hydrochloric acid solution (0.75 mL) and distilled water (8.32 mL), and the mixture was stirred at 40 • C for 6 h under a nitrogen atmosphere to perform a sol-gel reaction. The next purification processes were same as those of MTMS-BTES2 and a white solid (4.43 g, 45.58%) was obtained. 
Synthesis of MTMS-BTES4
Trimethoxymethylsilane (5.11 g, 37.5 mmol) and 1,2-bis (triethoxysilyl) butane (4.78 g, 12.5 mmol) were added to anhydrous tetrahydrofuran (25 mL) and stirred at room temperature for 30 min. To this solution was added a 2N aqueous hydrochloric acid solution (0.75 mL) and distilled water (8.32 mL), and the mixture was stirred at 40 • C for 6 h under a nitrogen atmosphere to perform a sol-gel reaction. The next purification processes were same as those of MTMS-BTES2 and a white solid (4.68 g, 47.32%) was obtained. 
Film Preparation and Device Fabrication
Top-contact/bottom-gate organic thin-film transistor devices were fabricated using highly n-doped silicon wafers (resistivity < 0.005 Ω·cm) as gate/substrates. The substrates were cleaned by sonication in isopropyl alcohol for 20 min, followed by O 2 plasma for 5 min (Harrick Plasma, 18W, Ithaca, NY, USA). For the fabrication of devices on flexible substrates, the bottom Al gate electrodes were thermally evaporated through a shadow mask on the polyethylene naphthalate (PEN) substrate. For the preparation of a gate dielectric layer, MTMS-BTESn (n = 2-4) was dissolved in propylene glycol monomethyl ether acetate (PGMEA) solvent at 10 wt.%. The resulting solutions were dropped on a silicon wafer or PEN substrates with Al gate electrodes through a syringe equipped with a 0.2 µm polytetrafluoroethylene (PTFE) filter, and then spun at 3000 rpm for 30 s. The spin-coated films were annealed at 150 • C for 2 h under nitrogen. Film thicknesses were 80-150 nm, as characterized by an ellipsometer. A 40 nm thick P5 or PTCDI-C13 film was deposited onto the prepared MTMS-BTESn copolymer gate dielectrics at a rate of 0.2 Å·s −1 (≈10 −5 Torr). Finally, a gold source and drain electrode (40 nm) was thermally evaporated through a shadow mask with channel lengths (L, 50-100 µm) and width (W, 1000-2000 µm).
Metal/insulator/semiconductor (MIS) structures were fabricated using highly n-doped silicon wafers as a gate/substrate. Then the organosilicate copolymer dielectric was spin-coated and annealed at 150 • C for 2 h, as described above. Finally, gold top electrodes (40 nm) were thermally deposited. The area of the testing capacitor was 0.2 mm × 0.2 mm.
Film and Device Characterization
Film thicknesses were characterized by ellipsometer (Filmetrics, F20, San Diego, CA, USA). The surface morphologies of copolymer thin films were characterized by atomic force microscope (AFM, NX10, Park Systems, Suwon, South Korea). A Keithley 4200 SCS (Cleveland, OH, USA) was used for the characterization of OTFTs and leakage current measurements. The capacitance measurement of copolymer thin films were performed using an LCR meter (Agilent 4284A, Agilent Technologies, Santa Clara, CA, USA). Carrier mobilities (µ) were determined in the saturation regime using the standard relationship, 2 ] (I DS , source-drain current; L, the channel length; W, channel width; C i , areal capacitance of the gate dielectric; V G , gate voltage; V T , threshold voltage).
Results
Synthesis
MTMS-BTESn copolymers were prepared using a sol-gel reaction of MTMS and BTESn, and were characterized by 1 H-NMR and FT-IR ( Figures S1 and S2 ). As shown in the NMR spectra ( Figure S1 ), the MTMS monomer was confirmed by the pendant methyl group peak at ≈0.08-0.2 ppm. The BTESn monomer was confirmed by ethylene bridge structure peak formed at 0.8 ppm. BTES3 and BTES4 were additionally confirmed at ≈1.6 ppm using a bridge structure peak. Note that the peak at ≈6 ppm is from the residual hydroxide group formed during the polymerization. The network structure formed between MTMS and BTESn can be confirmed by FT-IR spectra ( Figure S2 ). Two absorption peaks at 1131 and 1040 cm −1 , corresponding to Si-O-Si stretching vibrations, were observed in all samples. The bimodal absorption peaks indicate the formation of ladder-type structures [49] [50] [51] .
Dielectric Characterization
The MTMS-BTESn copolymer film was formed via spin-coating onto a substrate to a thickness of ≈80-150 nm, as measured by an ellipsometer. First, the surface morphologies of the dielectric films were characterized using an AFM, and a relatively smooth surface (root-mean-square roughness: 0.4-1.0 nm) was observed, regardless of the film thickness (Figure 2) .
Then, the leakage current density and areal capacitance of the dielectric films were measured based on the MIS structure with Au top electrodes (Table 1 and Figure 3) . First, all dielectric films showed a low leakage current density of ≈10 −8 -10 −7 A·cm −2 at 1 MV·cm −1 (Figure 3a) . Although there was no significant difference with regard to the type of monomer, the leakage current density slightly increased as the number of carbon atoms of BTESn increased (Figure 3c ). The methyl groups in the MTMS might reduce the relative amount of hydroxyl groups during the sol-gel reaction and increase the stability of the film [37] . Also, electrical stability of the dielectric can be enhanced by reducing the free volume due to the low curing temperature of 150 • C and by limiting the thermal dynamic motion of the polymer chains due to the sol-gel bonded network structure. In the case of the capacitance measurement, the measurement was performed between 10 and 10 3 kHz. As the frequency increased, the capacitance value decreased slightly. Based on the capacitance value at 10 2 kHz, the dielectric constants were 3.3-3.5, which is similar to the conventional organosilicate-based materials [35] [36] [37] . For the dielectric films with comparable thickness, as the number of carbon in the monomers increased, the value of k decreased, which could be a result of the increased free volume of monomers with more carbon chains.
Thin-Film Transistor Fabrication and Characterization
We fabricated OTFTs by spin-coating MTMS-BTESn materials on the n ++ -Si gate/substrate, followed by annealing at 150 • C for 2 h. P-type (P5) and n-type (PTCDI-C13) organic semiconductors were vacuum-deposited onto the copolymer dielectric layer, followed by Au source/drain electrodes. The device characteristics including carrier mobilities in the saturation regime (µ sat ), and current on/off ratios (I on /I off ), and threshold voltage (V T ) are shown in Table 2 . Transfer characteristics of the devices were measured in the saturation regime (V DS ≥ V G − V T ), and representative transfer plots are shown in Figure 4 . As shown, the OTFT devices operated well for both p-and n-channel organic semiconductors with a carrier mobility as high as 0.15 cm 2 ·V −1 ·s −1 and I on /I off of >10 5 . Furthermore, copolymer dielectric films could be employed on flexible PEN substrates, due to the low curing temperature, and the resulting OTFT device showed a slightly lower performance than that on a rigid substrate with an electron mobility of 0.04 cm 2 ·V −1 ·s −1 for the PTCDI-C13 semiconductor ( Figure 5 ). 
Conclusions
This article explored the dielectric characteristics of a copolymer based on MTMS and BTESn with various carbon numbers. Organosilicate copolymer dielectrics with various lengths of carbon chains could be easily prepared by the sol-gel method. Despite the existence of natural free volume due to the difference of compatibility between organic and inorganic materials, a good insulating property of copolymer dielectrics was observed. All three types of dielectric films exhibited a relatively smooth surface and low leakage current density of ≈10 −8 -10 −7 A·cm −2 at 1 MV·cm −1 via the optimization of processing conditions and monomer components. With regard to different chemical structure of monomers, the leakage current density increased slightly, while dielectric constant value decreased, as the number of carbon atoms in BTESn increased, possibly due to the structural free volume caused by the carbon bridge. The copolymer films were employed as a dielectric layer for OTFTs, and the resulting devices were active for both p-and n-channel organic semiconductors with a carrier mobility as high as 0.15 cm 2 ·V −1 ·s −1 and I on /I off of ≈ 10 5 . 
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